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Abstract: The effectiveness of carbonaceous nanoparticles in arresting and delaying damage in
nanocomposites has been attributed to multiscale toughening mechanisms. To explore their
application in joined interfaces of composites, this study investigates the use of carbon nanotube
(CNT) interleaved films for co-cured joining of composite parts and their consequent effects on
the interfacial fracture toughness. Carbon nanotubes dispersed in a thermoset resin into thin
films of two discrete thicknesses (200 u and 500 u) and three concentrations of CNT dispersion
were chosen for this study (0.5% wt., 1% wt., and 2% wt.). The films were semi-cured in the oven
before being incorporated as interleaves in the composite laminate interface. Fracture toughness
of the interface in mode | loading conditions was determined through double cantilever beam
(DCB). Micrographs of the fracture surfaces reveal a slip-and-stick based crack jump and arrest
phenomena in mode | when nanoparticles are added to the interleaved interface. The thickness
of the interleaves has a more significant effect on mode | toughening mechanisms than the
concentration of the nanoparticles.

Keywords: Co-cured composite interface; Interleaf; Carbon nanotubes; Fracture toughness
1. Introduction

Composite structures for aeronautical applications can be traditionally joined via adhesive co-
bonding, co-curing, and/or mechanical fastening, which induce interfacial defects and stress
concentrations under operational loads and increases structural weight. Co-cured joints, unlike
co-bonded joints have no discernible interface due to diffusion of the adhesive into the laminate
during cure [1,2]. However, controlling the flow of epoxy in the co-cure region as well as
mitigating misalignment of the sub-components during co-cure are challenging and lead to
irregularities. The incorporation of a partially cured epoxy film in the co-cured region ensures
uniform thickness and restrains the relative sliding of the sub-components during co-cure, thus
preventing misalignments. This technique also allows for an easier method to integrate the
adhesive epoxy layer in the composite lay-up process.

Interleaved composite laminates with a discrete layer of epoxy films between joining surfaces
have been studied as a strategy to improve damage tolerance during co-cured joining [3-5] and
limit the need for accompanying mechanical fasteners. Owing to the presence of an interleaf
film at the interface, larger damage zones arising from microcrack diffusion and crack path
tortuosity are observed leading to higher interfacial fracture toughness [6]. Research over the
past two decades has probed the effectiveness of dispersed and aligned carbonaceous
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nanoparticles (graphene platelets, carbon nanotubes, etc.) in enhancing the mechanical and
multifunctional properties of polymers [7,8]. Various studies of CNT reinforced polymers have
shown improved toughness over the neat matrix [9-11] inducing toughening mechanisms, such
as crack deflection [12], crack pinning [11], CNT pull-out [13,14], microscale and nanoscale crack
bridging [15]. However, these mechanisms require some degree of interaction between the
crack front and the CNTs. Recent studies postulate the benefits of adding nanoparticles in a
targeted fashion with controlled nanoparticle network morphology to trigger/activate
multiscale damage suppression events as opposed to the less effective technique of
homogenously dispersing the nanoparticles in a host polymer [12,16].

In this study, the authors explore the role of interleaf films containing CNT only in co-cured
interfaces to delay and diffuse damage propagation [17,18] by allowing the CNT to directly
interact with the crack front. This targeted reinforcement approach is preferred over the option
to disperse the CNT in the entire matrix phase of the composite. A related previous study
involving molecular simulations of CNT-dispersed matrix showed that elastic mechanical
properties of the nanocomposite can be improved by adding CNT up to 2% wt. Loading levels
beyond 2% wt. were shown to interfere with the epoxy crosslinking process and lead to
deterioration of mechanical properties [19]. Therefore, we investigate CNT loading levels up to
2% wt. in the epoxy used for interleaving and consider two different interleaf thicknesses and
their combined effects on damage propagation mechanisms.

Motivated by the effectiveness of nano-interleaves on toughening composite interfaces and
their potential for expanded applications in co-cured composite joints, this study investigates
the damage mechanisms in the interleaved interface from experiments performed under mode
| load with double cantilever beam (DCB) specimens. The main parameters studied are the
nanoparticle concentration and interleaf thickness. Following the mechanical tests, in order to
investigate the type of interfacial failure (adhesive/cohesive), microcracking in the interleaf, and
migration of the crack path, the fracture surfaces were examined with optical and confocal
microscopes.

2. Experimental Work
2.1 Materials

The prepreg used for this study was unidirectional carbon IM7 fiber with HexPly® 8552 epoxy
resin system of ply thickness 0.13 mm. Neat epoxy interleaves (containing no nanoparticles) in
the study were manufactured with the API-60 epoxy system — an aerospace grade resin —
purchased from Kaneka Aerospace Inc. with a compatible thermal cure cycle and properties with
the HexPly® 8552 proprietary resin system. Filmed interleaves containing multi-walled CNT were
procured from NanoSperse with the same host epoxy matrix at three nanoparticle
concentrations (0.5% wt., 1% wt., 2% wt.) and two interleaf thicknesses (200 u and 500 u).

2.2 Laminate manufacturing with interleaves

All laminate specimens in the study consist of a [0°12/interleaf/0°1,] lay-up and a unidirectional
fracture interface. Both the neat epoxy interleaf as well as the CNT interleaves are staged (semi-
cured) in the oven, subsequent to their complete cure kinetics characterization [3], to attain a
resulting degree of cure between 0.3 —0.35. An initial delamination is embedded in the laminate
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spanning 35 mm using a Teflon release film of 25 u thickness. During the laminate consolidation
process, the interleaf film was introduced at the edge where the Teflon delamination insert
ended. Figure 1 shows the staged interleaves and their consolidation into the laminate, which
was cured in the autoclave according to the recommended prepreg cure cycle. The cured plates
were trimmed and cut into samples of approximately 150 - 160 mm in length and 25 mm in
width with a diamond-tipped circular saw for the fracture toughness tests. It must be noted that
the total length of the actual specimen does not affect the test results as long as it is over 100
mm. The thickness of the specimens varied between 3.3 and 3.8 mm depending on the
embedded interleaf thickness.

(c)

Figure 1. Manufacturing and consolidation of the laminate with interleaved interface (a) Neat
epoxy interleaf (200 u thickness); (b) CNT interleaf (0.5% wt., 200 u thickness); (c) integration
of interleaf in the laminate midplane

2.3 Test setup and analysis scheme

Double cantilever beam samples were tested in mode | loading conditions conforming to ASTM
standards [20] to calculate fracture toughness values and resistance effects to damage
propagation. The samples tested and their corresponding nomenclature in the rest of this paper
are reported in Table 1. All fracture tests were performed on a Zwick tension/compression test
frame with 10 kN maximum capacity. The load frame was attached to a 1 kN load cell for the
DCB tests. The samples were painted white, and 1 mm markings were made in black ink to track
crack length propagation. Images from two monochromatic cameras perpendicular of the
longitudinal axis of the samples were acquired every second to monitor crack length. Images
from the two cameras were also helpful to determine if the crack front is asymmetric resulting
in different crack lengths on either side.
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Table 1. Number of samples and nomenclature based on interleaf type and thickness

Plate  Interleaf  cNTconc. No. of
no.  thickness[u] o5 wt.] Nomenclature samples
1 200 0 (Neat) Neat200uDCB 2
2 200 0.5 0.5%CNT200uDCB 3
3 500 0.5 0.5%CNT500 uDCB 3
4 200 1 1%CNT200uDCB 3
5 500 1 1%CNT500uDCB 3
6 200 2 2%CNT200uDCB 3
7 500 2 2%CNT500uDCB 3

Figure 2 illustrates the mode | test with a piano hinge bonded to the sample. The samples in
mode | were loaded at a constant crosshead displacement of 0.3 mm/min. It was expected as
well as confirmed with subsequent microscopy that the limited flow of the interleaf epoxy during
the cure cycle would allow for the crack front to be in contact with the interleaf layer. But a
sharp and straight crack front with every point fully embedded in the interleaf layer could not
be verified. Therefore, all samples were pre-cracked using the prescribed pre-cracking technique
in ASTM D5528 to achieve an initial crack length between 28 and 32 mm.

L L s s i
smmatiad i B !l

(a) (b)
Figure 2. Test setup for mode | fracture toughness testing (a) schematic of the DCB sample
test with piano hinges; (b) image captured from monochromatic camera of DCB sample

Data reduction to compute mode | fracture toughness is performed on the load-displacement
(P-6) data from the test machine as well as the crack lengths from the captured images using
the modified compliance calibration (MCC) approach [21]. This approach is chosen because it
allows to account for the thickness differences among the samples while calculating mode |
fracture toughness (G)). A least squared plot of the crack length normalized by sample thickness
(a/h) as a function of the cube root of compliance (C¥?) is generated and the slope of this fit
corresponds to Aj; P is the load and b is the sample width. The critical initiation fracture
toughness (Gi) is computed by using the critical load (P.i) instead of P in Eq. (1).

3p2 c%/3
GI =
24,bh

(1)
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3. Results and Discussion

The load-displacement data obtained from the Zwick test frame for a representative sample
from each set (described in Table 1) are plotted in Figure 3. The data is categorized based on the
nanoparticle content and compared to the neat epoxy interleaved laminate in each case. While
the P-6 profile of the neat epoxy interleaved interface indicates a stable, typical crack
propagation, the inclusion of nanoparticles to the interface remarkably alters the damage
mechanisms. In each case, the addition of nanoparticles leads to a significant improvement in
the flexural stiffness of the sample. The slope of the linear P-6 section remains fairly constant
for a specific CNT wt. content but appears to increase with increasing CNT content. The saw-
tooth profiles in Figure 3 imply unstable crack growth followed by a strong arrest mechanism.
The peak of each saw-tooth corresponds to the initiation load to propagate the crack at that
specific crack length; however, the troughs of the saw-tooth indicate an arrest mechanism,
subsequent to which the sample continues to behave ‘elastically’ with a reduced stiffness but
no change to the crack length, until the next initiation load. The overall strain energy (area under
the curve) is higher than the baseline laminate (with neat epoxy interleaf) even at low wt.
contents of CNT.

The damage propagation in mode | for CNT interleaved interfaces can be described by a ‘slip-
stick’ mechanism [22] as illustrated in Figure 4, where each sudden load drop in Figure 3 results
in a crack slip/jump (sudden increase in crack length) but this slip is then arrested by a ‘stick’
phenomenon and held intact until the next slip event. The higher the load drop, the larger the
crack slip tends to be. Although the mechanism of damage propagation is altered, the forces for
crack arrest (troughs of the saw-tooth) are consistent with the forces in the baseline laminate
containing the same interleaf thickness, i.e., each CNT interleaved laminate containing a 200 u
interleaf possesses a P-6 profile that falls to the baseline laminate P-§ profile at the end of a
crack slip event.

Interleaf thickness exhibits a significant effect on the peak initiation loads, arrest loads, as well
as the overall strain energy of the samples. As mentioned earlier, the thickness of the interleaf
with no nanoparticles (neat epoxy) determines the lower bound for the P-§ profile when
nanoparticles are added to the interface. Comparing the laminates with the same CNT wt.
content but different interleaf thicknesses (Figures 4 (a)-(c)), it can be noted that the slip events
are ‘delayed’ in the interfaces containing a thicker interleaf. This is demonstrated by the fact
that each load drop in the P-6 curve occurs at a higher displacement for the 500 u interleaved
samples when compared to their thinner interleaved equivalent.

Micrographs obtained via a Zeiss Keyence Wide-angle laser microscope, as shown in Figure 5,
also display higher tortuosity to the crack path and undulations in the interface for thicker
interleaves. The undulations in the micrographs confirm cohesive-dominated failure in the
thicker interleaf while suggesting a mix of adhesive and cohesive failure regions in Figure 5(a) as
illustrated by regions of adhesive peeling [23]. Furthermore, Figure 5(b) reveals that the
waviness of the undulations are clustered close to the mid-line (shorter wave-lengths) and they
become sparser (with longer wave-lengths) towards the edge of the specimen. This indicates
that the delamination front is not a straight line but curved and quasi-parabolic. The striations
as well as the post-processed images from both cameras confirm that the crack length is nearly
equal on both edges during the test thus implying that the quasi-parabolic crack front is
symmetric [24].

259/1211 ©2022 Subramanian et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC
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Figure 3. Comparison of load-displacement curves from DCB tests with neat epoxy interleaved
interface (a) 0.5% CNT interleaves; (b) 1% CNT interleaves; (c) 2% CNT interleaves

Stable crack growth —

Unstable crack growth

I * Stick

Figure 4. Slip-stick damage propagation (a) schematic of the fracture surface; (b) micrograph of
failure surface from 1%CNT200uDCB with slip-stick striations
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(a) (b)
Figure 5. Fracture striations and undulations on failed surface (a) in 1%CNT200uDCB;
(b) in 1%CNT500uDCB

Data in literature places the critical mode | fracture toughness for IM7/8552 composites in the
0.2 — 0.23 kJ/m?range [25]. A larger spread is observed (between 0.2 — 0.27 ki/m?) [26] when
using different approaches to determine the critical load (P.it) in Eq. (1) such as visually observed
deviation from linearity, or the 5% offset method described in ASTM D5528. Composite
interfaces also exhibit a toughening effect to crack propagation owing to fiber bridging ahead of
the crack front, represented generally with R-curves. As the crack length increases, more energy
is required to further propagate the crack due to pinning and bridging effects between the fibers.
The R-curves in Figure 6 contain mean fracture toughness values from multiple samples (as
described in Table 1) in a sample set. In this study, the presence of an interleaf region does not
allow for microscale fiber bridging across the fracture interface thus resulting in no R-curve
effect.

A neat epoxy interleaf interacting with the crack front improves the mode | initiation resistance
to the range: 0.25 — 0.3 kJ/m?[3] according to a previous study by the authors. In this batch of
samples, however, no statistical difference between the neat epoxy interleaved interface and a
laminate with no interleaf is observed here. Another remarkable characteristic of interleaved
interfaces is the absence of any additional resistance as the crack length increases. The R-curves
remain fairly flat in all cases although significant gains in toughness are observed as a result of
the addition of CNT to the interleaves. We observe no statistically significant difference between
laminates containing varying concentrations of CNT within a 200 u interleaf. This indicates that
toughening mechanisms in mode | are more sensitive/responsive to the thickness of the
interleaf than the concentration of nanoparticles. Toughness of the interleaved laminate
improves up to nearly 4 times with CNT concentrations 21% and an interleaf thickness of 500 u.

The test data and micrograph striations demonstrate a crack arrest mechanism in CNT-
interleaved laminates. This arrest seems to occur at a load nearly equal to that of a neat epoxy
interleaved laminate of the same interleaf thickness. Therefore, a neat epoxy interleaf appears
to set the lower bound for the force-displacement profile of a CNT-interleaved laminate. At
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higher CNT wt. %, we observe higher initiation loads but larger load drops (corresponding to
larger crack jumps), whereas increasing interleaf thickness shifts the load drop events (slip) to
higher displacements indicating a damage delay mechanism. The P-§ data and the micrographs
affirm that crack growth processes are altered at two scales due to nanoparticle interleaving: at
the macroscale via slip-stick based jump and via microscale tortuosity behind the quasi-parabolic
crack front.

1 T T T T T T 1 T T T T

0.9 —*—Neat200,DCB 1 o9k — NoeatZOO;LDCB
—+—0.5%CNT200,DCB —— 1°/oCNT200uDCB
081 —+—0.5%CNT500,DCB | 08t [—*—1%CNT500.DCB|
07r . 07} i
< 08 <& 06f i
£ £
2 osp . 2 osf 1
2 o
O 04t 1 O 04f ]
“l /—‘/‘—*__\—-.-—o———' | I /—u/’—*_\_’_H |
02 . 02} i
01r . 01} i
0 . . . . . . 0 . . . . . .
30 40 50 60 70 80 90 30 40 50 60 70 80 20
Crack length (mm) Crack length (mm)
(a) (b)
1 . . .
09l —#—Neat200,DCB |
' —#*—2%CNT200,DCB
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£
2 05f
o ‘/‘\"—‘\l—/“
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Crack length (mm)
(c)

Figure 6. R-curves from DCB tests compared with neat epoxy interleaved interface
(a) 0.5% CNT interleaves; (b) 1% CNT interleaves; (c) 2% CNT interleaves

4. Conclusions

This study was focused on the incorporation of semi-cured interleaves containing nanoparticles
in the composite consolidation process and its effectiveness in mode | fracture resistance.
Interleaves with neat epoxy as well as different concentrations of CNT were staged to a
predefined degree of cure to maintain their integrity and thickness during consolidation into the
laminate. Interleaves of two different thicknesses were considered in this study. The double
cantilever beam samples prepared using this approach were tested under mode | loading.

The load-displacement data as well as micrographs of failed surfaces revealed a remarkable
change in the underlying damage mechanisms governing crack propagation in mode |. The
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addition of nanoparticles to the interleaf resulted in a higher flexural stiffness of the sample
whereas the critical fracture initiation loads were more sensitive to interleaf thickness. A slip-
stick phenomenon was observed with damage progression where the crack arrest load for a CNT
interleaf could be predicted by the load-displacement profile of a neat epoxy interleaf of same
thickness. Improvements in mode | fracture toughness of up to 4 times were observed with the
inclusion of CNT within a thicker 500 u interleaf when compared to a baseline interleaf without
nanoparticles. There is no significant resistance behaviour (R-curve effects) to crack propagation
as a function of crack length as no bridging effects were observed. Data from the fracture
toughness tests were augmented with wide-angle microscopy of the fractured surfaces to shed
light on crack front progression and the microscale mechanisms that lead to damage delay.
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